INTRODUCTION
============

Coordinated cell behaviors mediate embryonic development in a wide variety of organisms, from worms and fruit flies to mice. Collective cell movements, for instance, drive cell sheet fusion during *Caenorhabditis elegans* ventral enclosure ([@B40]), *Drosophila* dorsal closure ([@B26]), and eyelid closure in the mouse ([@B18]). Additionally, coordinated cellular movements have been implicated in cancer metastasis ([@B15]; [@B19]). Cell coordination generally requires redistribution of cytoskeletal proteins, resulting in the assembly of networks of actin and the motor protein nonmuscle myosin II that span multiple cells and generate forces that pull cells together to produce cohesive behaviors.

Coordinated cell movements drive tissue repair in the embryonic epidermis. Embryonic wound healing is a conserved process in which the cells around the wound migrate into the wounded region, facilitating rapid and scarless repair. Upon wounding, the cells adjacent to the wound polarize actin and myosin to the wound edge, forming a supracellular, cable-like structure that encircles the wound ([@B30]; [@B4]; [@B26]; [@B10]; [@B42]). Cable contraction coordinates cell movements to close the wound ([@B42]; [@B1]; [@B13]).

We recently demonstrated that mechanical signals are critical for the dynamics of the cytoskeleton during embryonic wound closure. Strain or mechanical deformation drives myosin recruitment to the wound edge ([@B44]), and tension stabilizes myosin at the wound margin ([@B27]). Loss of tension at the wound margin leads to faster myosin dynamics and an overall reduction in myosin levels at the wound edge. Conversely, the increase in tension around the wound associated with wound closure results in further stabilization of myosin. Computational modeling suggests that tension-based myosin stabilization at the wound edge is critical for efficient wound repair ([@B44]). However, it is unclear whether tension affects myosin motors directly, or whether the stabilization of myosin by tension occurs indirectly through actin, which largely colocalizes with myosin at the wound edge ([@B44]).

Mechanical signals can control actin dynamics through several tension-sensitive actin regulators. The formin Diaphanous promotes processive actin elongation ([@B34]) and is important for actin cable formation during wound repair ([@B31]). Diaphanous can promote faster actin polymerization in filaments that sustain tension ([@B8]; [@B20]; [@B25]). Binding of the actin-severing protein cofilin to actin is slower when actin filaments are under increased tension ([@B17]), and thus tension may also prevent actin filament disassembly, which may indirectly affect myosin dynamics. However, recent data suggest that the dynamics of myosin and actin are independent ([@B22]). Consistent with this, myosin still polarizes at the wound margin in *diaphanous* mutants, albeit more slowly than in controls and in a patchy pattern ([@B31]). Thus, it is currently unclear whether actin and myosin are jointly regulated during embryonic wound repair.

RESULTS
=======

Actin is stabilized around embryonic wounds
-------------------------------------------

We used fluorescence recovery after photobleaching (FRAP) to investigate whether actin is regulated by tension during embryonic wound closure. We wounded the epidermis of *Drosophila* embryos expressing green fluorescent protein (GFP):Utrophin actin-binding domain (ABD), a reporter for filamentous actin ([@B33]), at stages 14--15 of embryonic development (∼12 h postfertilization). We conducted our measurements within the fast phase of wound closure, when wound area was ∼50% of its maximum ([@B1]; [@B13]; [@B27]). At this stage, cable contraction is the dominant mechanism coordinating cell movement ([@B42]; [@B44]). We compared actin dynamics in the supracellular cables at the wound margin and in the cables that segment the epidermis at the same developmental stage ([@B37]) ([Figure 1](#F1){ref-type="fig"}, A and B). We previously showed that wound edge cables sustain greater tension than epidermal cables ([@B27]). Similar to myosin, actin fluorescence was also greater at the wound edge than in epidermal cables ([Figure 1](#F1){ref-type="fig"}C). We found that actin dynamics at the wound edge had a characteristic time, *t*~1/2~ (the time necessary for half of the maximum fluorescence recovery in FRAP experiments), of 28 ± 4 s (mean ± SEM; [Figure 1](#F1){ref-type="fig"}, D and E). In epidermal cables, GFP:UtrophinABD displayed a *t*~1/2~ of 7 ± 1 s, significantly shorter than at the wound margin (*p* \< 0.002; [Figure 1](#F1){ref-type="fig"}, D and E), with no differences in the mobile fraction (the amount of fluorescence recovery; [Figure 1](#F1){ref-type="fig"}, D and F). We obtained similar results using an additional marker for filamentous actin, the actin cross-linking protein Filamin, tagged with GFP ([@B24]) (Supplemental Figure S1, A--F). Specifically, the *t*~1/2~ of Filamin:GFP at the wound margin was 27 ± 3 s, similar to that of GFP:UtrophinABD. Filamin:GFP dynamics were also slower at the wound edge with respect to epidermal cables, where the *t*~1/2~ of Filamin:GFP was significantly shorter (10 ± 2 s, *p* \< 0.01; Supplemental Figure S1, D and E).

![GFP:UtrophinABD is stabilized at the wound margin. (A) FRAP experiments in cables at the wound edge (A, red) and in epidermal cables (A', blue) in embryos expressing GFP:UtrophinABD. Scale bars, 5 μm. (B) Kymographs corresponding to the experiments shown in A. Orange dashed lines indicate the time of photobleaching. Scale bars, 3 s. (A, B) Yellow asterisks indicate the position of the wound. Anterior left, ventral down. (C--H) Initial fluorescence (C), the percentage of prebleach fluorescence over time in the photobleached region (D), *t*~1/2~ (E), mobile fraction (F), assembly rate (G), and disassembly rate (H) for FRAP experiments in cables around wounds (red, *n* = 7 photobleached regions in as many embryos), and epidermal cables (blue, *n* = 8); a.u., arbitrary units. (C, E--H) For box plots, error bars show the SD, the box indicates the standard error of the mean (SEM), and gray lines denote the mean. ns: not significant, \**p* \< 0.05, \*\**p* \< 0.01 (Mann--Whitney test). (D) Error bars, SEM.](mbc-30-2901-g001){#F1}

To investigate whether tension affected actin polymerization or depolymerization at the cortex, we used mathematical modeling of our FRAP data to extract the rates of actin assembly (*k~on~*) and disassembly (*k~off~*) in the photobleached regions ([@B27]) (see *Materials and Methods*). Using GFP:UtrophinABD, our analysis indicated that actin assembly at the wound edge occurred at a rate 87% slower than in epidermal cables (0.011 ± 0.004 s^--1^ vs. 0.085 ± 0.020 s^--1^, respectively, *p* \< 0.01; [Figure 1](#F1){ref-type="fig"}G). The rate of actin disassembly at the wound edge was 78% slower than in epidermal cables (0.020 ± 0.0035 s^--1^ vs. 0.091 ± 0.0098 s^--1^, *p* \< 0.01; [Figure 1](#F1){ref-type="fig"}H). Similar results were obtained using Filamin:GFP (Supplemental Figure S1, G and H). Together, these data suggest that both actin assembly and disassembly occur at significantly lower rates at the wound edge than in other supracellular actin networks that sustain reduced tension.

The results of FRAP experiments using GFP:UtrophinABD and Filamin:GFP could reflect the rate of assembly of a subset of actin filaments that can be bound by these markers of F-actin. To validate that the dynamics of F-actin reporters corresponded to the dynamics of actin, we conducted FRAP experiments in embryos expressing GFP:Act5C, a fluorescently tagged monomeric actin that can be incorporated into filamentous structures ([@B35]) (Supplemental Figure S2, A--H). Similar to GFP:UtrophinABD and Filamin:GFP, GFP:Act5C displayed a significantly longer *t*~1/2~ at the wound margin compared with epidermal cables (16.9 ± 3.4 s *vs*. 3.4 ± 0.4 s, respectively, *p* \< 0.002; Supplemental Figure S2, D and E), and no differences were found in the mobile fractions (Supplemental Figure S2F). Furthermore, mathematical modeling suggested that the slower dynamics of GFP:Act5C at the wound edge were due to reduced rates of both actin assembly and disassembly (Supplemental Figure S2, G and H). Together, our data strongly indicate that actin is stabilized at the wound edge during embryonic tissue repair.

Actin dynamics at the wound edge are largely independent of tension
-------------------------------------------------------------------

Our data suggest that tension may stabilize actin at the wound margin. To determine whether tension regulates actin localization around embryonic wounds, we quantified actin fluorescence after reducing tension at the wound edge. We used laser ablation to sever the actomyosin cable, partially releasing the tension that it sustained. We conducted the release of tension 10 min after wounding embryos expressing GFP:Utrophin:ABD. We monitored fluorescence at the wound edge in regions adjacent to the site of ablation ([Figure 2](#F2){ref-type="fig"}A), far (at least 10 μm away; [Figure 2](#F2){ref-type="fig"}A'), and in sham-irradiated controls ([Figure 2](#F2){ref-type="fig"}A"). Within 100 s of severing the cable, we measured a significant loss of 15 ± 6% of GFP:UtrophinABD fluorescence in regions of the wound edge adjacent to the point of ­ablation (*p* \< 0.05, 16 of 22 regions displayed a decrease in fluorescence; [Figure 2](#F2){ref-type="fig"}, B and C). In contrast, there was no loss of fluorescence in segments of the wound edge far from the ablation site or in sham-irradiated controls ([Figure 2](#F2){ref-type="fig"}, B'--B" and C--C'). We obtained similar results when we monitored actin levels at the wound edge in embryos expressing GFP:Act5C (Supplemental Figure S3, A and B). GFP:Act5C fluorescence at the wound edge in regions adjacent to the site of ablation decreased by 34 ± 7% 100 s after releasing tension (*p* \< 0.001, 13 of 14 regions displayed a decrease in fluorescence; Supplemental Figure S3, C and C'). Thus, similar to our previous findings with myosin ([@B27]), our data indicate that tension is in part necessary to maintain actin at the wound margin.

![Tension is partially necessary for actin localization at the wound margin. (A, B) Still images (A--A") and kymographs (B--B") showing GFP:UtrophinABD levels in regions of the wound edge adjacent to the site of tension release (red, A, B), far away (blue, A', B'), and in sham-irradiated controls (green, A" and B"). Cyan targets and white arrowheads indicate ablation sites. Yellow asterisks show the position of the wound. Boxes display the region where fluorescence was monitored. Anterior left, ventral down. Scale bars, 5 μm (A--A") or 4 s (B--B"). (B) Orange dashed lines indicate the time of irradiation. (C--C') GFP:UtrophinABD fluorescence normalized to the fluorescence before severing the wound edge (C), and the percentage of change in GFP:UtrophinABD fluorescence 100 s after severing the wound edge (C') for regions adjacent to the site of ablation (red, *n* = 22 regions), far (blue, *n* = 21), or in sham-irradiated controls (green, *n* = 22). (C) Error bars indicate SEM. (C') Error bars show the SD, the box indicates SEM, and gray lines denote the mean; ns: not significant, \*\**p* \< 0.005, \*\*\**p* \< 0.001 (Kruskal--Wallis and Dunn's test).](mbc-30-2901-g002){#F2}

The formin Diaphanous localizes to the wound margin, where it is necessary for the assembly of the actin cable ([@B31]). Diaphanous activity and localization can be regulated by tension ([@B8]; [@B20]; [@B25]). Thus, we predicted that Diaphanous may display sensitivity to tension in its localization to the wound edge. To test this possibility, we quantified changes in the localization of GFP:Diaphanous when the actin cable was severed ([Figure 3](#F3){ref-type="fig"}, A and B). We found that in segments of the wound edge adjacent to the site of tension release, GFP:Diaphanous fluorescence decreased by 15 ± 6% within 100 s (*p* \< 0.05, 11/14 segments displayed a reduction in fluorescence; [Figure 3](#F3){ref-type="fig"}, B and C). GFP:Diaphanous fluorescence remained relatively constant over the same period of time in segments of the wound edge far from the ablation site or in sham-irradiated controls ([Figure 3](#F3){ref-type="fig"}, B'--B", C, and C'). Together, these data strongly indicate that Diaphanous is partly regulated by tension during embryonic wound closure.

![Tension is partially necessary for Diaphanous localization at the wound margin. (A, B) Still images (A--A") and kymographs (B--B") showing GFP:Diaphanous levels in regions of the wound edge adjacent to the site of tension release (red, A, B), far away (blue, A', B'), and in sham-irradiated controls (green, A", B"). Cyan targets and white arrowheads indicate ablation sites. Yellow asterisks show the position of the wound. Boxes display the region where fluorescence was monitored. Anterior left, ventral down. Scale bars, 5 μm (A-A") or 3 s (B-B"). (B) Orange dashed lines indicate the time of irradiation. (C--C') GFP:Diaphanous fluorescence normalized to the fluorescence before severing the wound edge (C), and the percentage of change in GFP:Diaphanous fluorescence 100 s after severing the wound edge (C'), for regions adjacent to the site of ablation (red, *n* = 14 regions), far (blue, *n* = 14), or in sham-irradiated controls (green, *n* = 18). (C) Error bars indicate SEM. (C') Error bars show the SD, the box indicates SEM, and gray lines denote the mean; ns: not significant, \**p* \< 0.05, \*\*\**p* \< 0.001 (Kruskal--Wallis and Dunn's test).](mbc-30-2901-g003){#F3}

To investigate whether tension regulates the dynamics of the pool of actin that remains at the wound edge after tension release, we conducted FRAP experiments at the wound margin ∼1 min after reducing tension in embryos expressing GFP:UtrophinABD ([Figure 4](#F4){ref-type="fig"}, A and B). Actin dynamics did not change significantly in regions adjacent to the site of ablation compared with regions at least 10 μm away or in sham-irradiated controls (*t*~1/2~ of 24 ± 3 s, 27 ± 3 s, and 29 ± 3 s, respectively; [Figure 4](#F4){ref-type="fig"}, C--E). Furthermore, mathematical modeling suggested that neither the rate of actin assembly nor the rate of actin disassembly was affected by the loss of tension ([Figure 4](#F4){ref-type="fig"}, F and G). Together, these results suggest that the dynamics of the majority of actin at the wound edge are independent of mechanical forces.

![Reducing tension does not change actin dynamics at the wound edge. (A, B) Still images (A--A") and kymographs (B-B") showing FRAP experiments in wounded embryos expressing GFP:UtrophinABD and irradiated with an ultraviolet laser to reduce tension (A--A', B--B'), or sham-irradiated (A", B"). Images show a region adjacent to the ablation site (red, A, B), far (blue, A', B'), or in a sham-irradiated control (green, A", B"). Cyan targets indicate ablation sites. Orange dashed lines indicate the time of photobleaching. Anterior left, ventral down. Scale bars, 10 μm (A--A") and 4 s (B--B"). (C--G) The percentage of prebleach GFP:UtrophinABD fluorescence over time in the photobleached region (C), *t*~1/2~ (D), mobile fraction (E), assembly rate (F), and disassembly rate (G) for regions adjacent (red, *n* = 15 regions) or far (blue, *n* = 17) from the ablation site, and in sham-irradiated controls (green, *n* = 27). (C) Error bars indicate SEM. (D--G) Error bars show the SD, the box indicates SEM, and gray lines denote the mean; ns: not significant (Kruskal--Wallis test).](mbc-30-2901-g004){#F4}

To further probe the effects of tension on actin during wound closure, we investigated whether tension is sufficient to stabilize actin around wounds by comparing GFP:UtrophinABD dynamics during early (50% maximum wound area), mid (30% maximum wound area), and late (\< 10% maximum wound area) stages of wound repair ([Figure 5](#F5){ref-type="fig"}, A and B). Tension around the wound margin increases as wound closure progresses ([@B27]), and thus we hypothesized that if tension stabilized actin at the wound edge, the *t*~1/2~ for GFP:UtrohinABD would increase as wounds closed. However, we found no significant changes in the *t*~1/2~ of GFP:UtrophinABD at the wound margin as wounds closed (26 ± 2 s, 21 ± 3 s, and 27 ± 4 s in early, mid, and late wound repair, respectively; [Figure 5](#F5){ref-type="fig"}, C--E). Similar results were obtained using Filamin:GFP to monitor actin dynamics (Supplemental Figure S4, A--E). Taken together, our data indicate that, unlike with myosin ([@B27]), tension does not control the dynamics of a large pool of actin at the wound edge, suggesting that actin and myosin may be independently regulated during embryonic wound closure.

![Increasing tension does not change actin dynamics at the wound edge. (A, B) Stills (A--A") and corresponding kymographs (A'--B') of FRAP experiments at the wound edge during the early stages of wound repair (∼50% of the maximum wound area, A, B, red), intermediate (∼30% of the maximum wound area, A', B', blue), or late in the repair process (less than 10% of the maximum wound area, A", B", green), in embryos expressing GFP:UtrophinABD. Yellow dashed lines outline the wounds at their maximum area and at the time point prior to photobleaching. Orange dashed lines show the time of photobleaching. Anterior left, ventral down. Scale bars, 10 μm (A--A") and 3 s (B--B"). (C--E) The percentage of prebleach fluorescence over time in the photobleached region (C), *t*~1/2~ (D), and mobile fraction (E), for FRAP experiments during early (red, *n* = 15 regions), mid (blue, *n* = 12), and late wound closure (green, *n* = 11). (C) Error bars indicate SEM. (D, E) Error bars show the SD, the box indicates the SEM, and gray lines denote the mean; ns: not significant (Kruskal--Wallis test).](mbc-30-2901-g005){#F5}

Actin dynamics at the wound edge are independent of myosin
----------------------------------------------------------

Our results suggest that actin and myosin may be regulated independently around embryonic wounds. To investigate the interplay between myosin and actin dynamics during wound closure, we quantified the dynamics of actin when myosin levels were reduced. We injected embryos expressing E-cadherin:tdTomato and a GFP-tagged form of the myosin regulatory light chain (MRLC) ([@B36]) (myosin:GFP) with double-stranded RNA (dsRNA) against *zipper* (*zip*), the *Drosophila* gene that encodes the nonmuscle myosin II heavy chain. The *zip* dsRNA treatment resulted in a 38% decrease in the amount of myosin at epidermal cables with respect to water-injected controls (Supplemental Figure S5, A and B). The reduction in myosin levels in *zip* dsRNA embryos was associated with an overexpansion of the wound, a significant delay in wound closure, and reduced myosin levels at the wound edge (Supplemental Figure S5, C--E), consistent with our previous findings in embryos expressing mutant forms of myosin with reduced motor activity ([@B27]).

Next, we conducted FRAP experiments in embryos expressing GFP:UtrophinABD that had been treated with *zip* dsRNA ([Figure 6](#F6){ref-type="fig"}, A and B). To maintain consistent wound sizes between groups during FRAP experiments, wounds in dsRNA-treated embryos were allowed to close until wound size was comparable to the water-injected group at 50% closure. In spite of the defects in wound closure and reduced myosin levels at the wound margin, the dynamics of the pool of actin at the wound edge were not affected by the loss of myosin: the *t*~1/2~ of fluorescence recovery was 24 ± 3 s, similar to the 22 ± 2 s in water-injected controls, and with comparable mobile fractions ([Figure 6](#F6){ref-type="fig"}, C--E). We validated these results by examining the dynamics of actin during wound closure in embryos in which myosin activity was acutely inhibited by treatment with 10 mM of Y-27632, an inhibitor of Rho-kinase that blocks myosin activity in the embryo ([@B3]; [@B12]; [@B27]) and disrupts wound closure (Supplemental Figure S6, A and B) ([@B13]; [@B39]; [@B27]). Acute myosin inhibition when wounds had closed to ∼50% of their maximum area in embryos expressing GFP:UtrophinABD did not affect the dynamics of actin at the wound edge: the *t*~1/2~ of fluorescence recovery was 22 ± 4 s, similar to the 28 ± 4 s in water-injected controls (Supplemental Figure S7, A--E). Together, our data indicate that actin dynamics in the contractile cable around embryonic wounds are largely independent of myosin.

![Actin dynamics do not change when myosin levels are reduced. (A, B) FRAP experiments in wounded embryos expressing GFP:UtrophinABD and injected with water (A, blue) or *zip* dsRNA (A', red) and corresponding kymographs (B--B'). Yellow asterisks indicate the position of the wound. Orange dashed lines indicate the time of photobleaching. Anterior left, ventral down. Scale bars, 10 μm (A--A'), 3 s (B--B'). (C--E) The percentage of prebleach fluorescence over time in the photobleached region (C), *t*~1/2~ (D) and mobile fraction (E) for wounds in embryos injected with water (blue, *n* = 8 regions) or with *zip* dsRNA (red, *n* = 8). (C) Error bars indicate SEM. (D, E) Error bars show SD, the box indicates SEM, and gray lines denote the mean; ns: not significant (Mann--Whitney test).](mbc-30-2901-g006){#F6}

Myosin stabilization at the wound edge is independent of actin
--------------------------------------------------------------

Our data suggest that a significant population of actin at the wound margin is regulated independently of myosin. Notably, in rat embryo fibroblasts the dynamics of myosin in filaments are independent of actin, but become actin-dependent when myosin filaments align into higher order structures ([@B22]). To establish whether myosin dynamics at the wound edge depend on actin dynamics, we stabilized actin by coinjecting embryos with 1 mM of jasplakinolide and 1 mM of latrunculin A. Jasplakinolide inhibits actin depolymerization by tightly binding and stabilizing filaments ([@B5], [@B6]; [@B9]; [@B41]). Latrunculin A sequesters actin monomers, effectively inhibiting polymerization ([@B38]; [@B7]). Thus, the combination of jasplakinolide and latrunculin A treatments stabilizes actin filaments in cultured cells ([@B16]; [@B22]). We found that coinjection of 1 mM jasplakinolide and 1 mM latrunculin A (hereafter referred to as Jasp/LatA) into embryos expressing GFP:Act5C significantly reduced actin dynamics during embryonic wound closure (Supplemental Figure S8, A--C). In FRAP experiments, the mobile fraction of GFP:Act5C at the wound edge decreased from 70 ± 6% in control embryos injected with dimethyl sulfoxide (DMSO) to 26 ± 6% in Jasp/LatA-treated embryos (*p* \< 0.005; Supplemental Figure S8, C--E). Thus, Jasp/LatA treatment stabilizes actin in *Drosophila* embryos.

Next, we investigated whether actin stabilization disrupted myosin dynamics around embryonic wounds. We injected embryos expressing myosin:GFP with Jasp/LatA when wounds reached ∼50% of their maximum area. Two minutes after injection, we photobleached the myosin cable at the wound margin ([Figure 7](#F7){ref-type="fig"}, A and B). Stabilizing actin with Jasp/LatA did not cause a significant effect in the myosin levels at the wound margin ([Figure 7](#F7){ref-type="fig"}, A, insets, and C), but affected the rate of wound closure (Supplemental Figure S9, A and B). Importantly, the rate of FRAP was the same for Jasp/LatA-injected and DMSO-treated controls ([Figure 7](#F7){ref-type="fig"}, D--F). Similar results were obtained when we treated embryos with cytochalasin D. Cytochalasin D stabilizes actin by binding the growing end of the filament and preventing monomer addition ([@B14]). We found that treatment with 1 mM of cytochalasin D resulted in a significant reduction in the mobile fraction of GFP:Act5C in FRAP experiments (*p* \< 0.02; Supplemental Figure S10, A--E). Similar to Jasp/LatA treatment, cytochalasin D did not affect myosin levels (Supplemental Figure S11, A, insets, and C) or the dynamics of myosin during wound closure (Supplemental Figure S11, A--F). Together, our data indicate that both myosin and actin dynamics are largely independent around embryonic wounds.

![Actin stabilization does not affect myosin dynamics during wound repair. (A, B) FRAP experiments in wounded embryos expressing myosin:GFP and injected with DMSO (A, blue) or with Jasp/LatA cocktail (A', red) and corresponding kymographs (B--B'). Yellow asterisks indicate the position of the wound. Insets show a zoom into a region of the wound margin. Orange dashed lines indicate the time of photobleaching. Anterior left, ventral down. Scale bars, 10 μm (A--A') or 3 s (B--B'). (C--F) Myosin fluorescence 2 min after injection just prior to photobleaching (C), the percentage of prebleach fluorescence over time in the photobleached region (D), *t*~1/2~ (E), and mobile fraction (F) for wounds in embryos injected with DMSO (blue, *n* = 9 regions) or Jasp/LatA (red, *n* = 10). (C, E, F) Error bars show SD, the box indicates SEM, and gray lines denote the mean; ns: not significant (Mann--Whitney test). (D) Error bars indicate SEM.](mbc-30-2901-g007){#F7}

DISCUSSION
==========

Our results show that, similar to our previous findings with myosin ([@B27]), actin dynamics are slowed down at the wound margin during embryonic wound repair. However, in contrast with myosin, increasing or decreasing tension around the wound does not change actin dynamics. Myosin generates tension as wounds close ([@B13]), and thus our data suggest that actin and myosin may be independently regulated at the wound edge. We validated our hypothesis experimentally by showing that actin stabilization during wound closure does not affect myosin dynamics, and conversely, the dynamics of actin at the wound edge are largely independent of myosin levels or activity. Of note, we showed that a small pool of actin was rapidly lost from the wound edge when tension or myosin were disrupted. Thus, we report, for the first time to our knowledge, the presence of two pools of actin around embryonic wounds, a larger, tension-independent pool, and smaller, tension-dependent one.

In mammalian cells in culture, the dynamics of myosin filaments in stress fibers and cortical arcs are independent of actin ([@B22]). In contrast, in the lamellipodia and lamellae of fish and amphibian cells, actin dynamics are directly affected by myosin activity ([@B43]). We previously found that actin and myosin colocalize at the edge of wounds in *Drosophila* embryos ([@B44]). Strikingly, here we show that actin and myosin dynamics at the supracellular cable around embryonic wounds are largely independent of each other despite their strong colocalization.

An actomyosin cable drives embryonic wound healing. Actin and myosin generate contractile forces to coordinate cell movements and close the wound ([@B30]; [@B4]; [@B26]; [@B42]; [@B44]). The formin Diaphanous is necessary for actin cable assembly ([@B31]). Formin activity can be regulated by mechanical signals ([@B8]; [@B20]; [@B25]), and our data show that the localization of Diaphanous to the wound margin depends in part on tension. Thus, myosin-induced tension may promote formin activity and actin polymerization at the wound edge.

Other molecular mechanisms may contribute to embryonic wound repair. In yeast, actin filament severing can induce contraction of cytokinetic rings, even in the absence of myosin activity ([@B32]). During *Drosophila* pupal development, wound closure and actin polarization to the wound edge depend on the actin filament-severing protein gelsolin ([@B2]). Contraction based on actin filament disassembly requires the presence of actin cross-linkers that can reestablish the connection between filaments after they have been severed ([@B45]). Therefore, a tension-insensitive actin pool at the wound edge may promote motorless contraction when combined with actin cross-linkers, thus providing an additional layer of redundancy in embryonic wound healing. Experiments investigating the effect of myosin inhibition on actin dynamics when individual actin regulators and cross-linkers have been silenced will reveal which actin pools are (in)sensitive to myosin motor activity. Together, our results reveal an intricate relationship between cytoskeletal networks and regulators thereof, that must be exquisitely coordinated during the cell movements that drive tissue repair.

MATERIALS AND METHODS
=====================

Fly stocks
----------

Live imaging was conducted using *endo-DE-cadherin:tdTomato* ([@B23])*, sqh-sqh:GFP* (*sqh* encodes the MRLC) ([@B36]), *sqh-GFP:UtrophinABD* ([@B33]), *cher:GFP* (*cher* encodes Filamin) ([@B24]), *UAS-GFP:Act5C* ([@B35]), and *UAS-GFP:dia* ([@B21]). UAS constructs were ubiquitously driven with *tubulin-Gal4* ([@B28]).

Time-lapse imaging
------------------

Embryos at stage 14--15 of development (11--12 h after egg laying) were dechorionated in 50% bleach for 2 min and rinsed with water. Embryos were aligned on an apple juice--agar pad, glued ventrolateral-side-down onto a coverslip using heptane glue, and covered with a 1:1 mix of halocarbon oil 27 and halocarbon oil 700 (Sigma-Aldrich). A Revolution XD spinning disk confocal (Andor) with a 60× oil-immersion lens (NA 1.35; Olympus) was used to image embryos. Images were acquired using an iXon Ultra 897 camera (Andor) and Metamorph (Molecular Devices) as the image acquisition software. Sixteen-bit Z-stacks were acquired at 0.5- to 0.75-μm steps every 3--30 s (7--11 slices per stack). Analysis used maximum intensity projections. The same linear contrast adjustment was applied to all the images in each experiment.

Injections
----------

Embryos were dechorionated and aligned as above, dehydrated for 15--20 min, and covered in a 1:1 mix of halocarbon oil 27 and halocarbon oil 700. Injections were conducted using a Transferman NK2 micromanipulator (Eppendorf) and a PV820 microinjector (WPI) coupled to our spinning disk confocal. Embryos were injected with 1 mM cytochalasin D (EMD Millipore), 1 mM jasplakinolide (Tocris Biosciences), or 1 mM latrunculin A (Tocris Biosciences) in 50% DMSO; or with 10 mM Y-27632 (Tocris Biosciences) in water; 50% DMSO or water was used as a control.

*zip* dsRNA synthesis and validation
------------------------------------

DNA templates to create *zip* dsRNA were generated by genomic PCR, using primers with the T7 promoter sequence (5′-TAATACGACTCACTATAGGGAGACCAC-3′) added to the 5′ ends. The forward primer wasT7-forward-5′-GCACAAAACTGCAACAGGAA-3′,and the reverse primer was:T7-reverse-5′-TAACCTGCCGTTCTAATGCC-3′.

PCR products were used as templates for in vitro dsRNA synthesis with the T7 MEGAScript kit (Thermo Fisher). RNA was extracted using phenol-chloroform and precipitated in isopropanol. dsRNA was injected in syncytial embryos (0--60 min after egg laying) at concentrations of 1 μg/μl. Water was injected as a control. Embryos were aged at 18°C for 18 h.

Laser ablation
--------------

A pulsed Micropoint N2 laser (Andor) tuned to 365 nm was used to wound the embryonic epidermis. The laser produced 120-μJ pulses with a duration of 2--6 ns. Ten laser pulses were delivered in seven spots along a 14-μm line to generate a wound. Each embryo was wounded only once. Ten laser pulses were delivered at a single spot to release tension at the wound margin, and samples were imaged immediately before and 1.72 s after spot ablation. In sham-irradiated controls, the laser was completely attenuated using a neutral density filter.

FRAP
----

We used a FRAPPA system (Andor) and a 488-nm laser for photobleaching experiments. A 1.7 μm × 1.7 μm (10 × 10 pixel) region was photobleached with a dwell time of 500 μs/pixel. Two Z-stacks were acquired 3 s apart prior to photobleaching. Photobleached regions were imaged immediately after photobleaching and then every 3 s for at least 2 min.

Images were registered in SIESTA, an image analysis platform that we developed using MATLAB (MathWorks) ([@B29]). SIESTA was also used to annotate the photobleached region and to measure fluorescence intensities. Custom MATLAB scripts were used to compile the information from multiple images. SIESTA is available for download at [www.quantmorph.ca](http://www.quantmorph.ca).

Fluorescence intensity in the photobleached region at time *t*, *f*(*t*), was measured as

where *t* = before is the time immediately before photobleaching, *t* = 0 is the time immediately after photobleaching, *I*~ROI~ is the mean pixel value within the photobleached region, *I*~bg~ is the background signal, calculated as the mean pixel value within a 10 × 10 pixel region outside the embryo, and *I*~M~ is the mean image intensity. The mobile fraction was the average *f*(*t*) value for the last two time points measured, and *t~1/2~* was the time required to reach half of the mobile fraction.

To extract the rates of actin assembly, *k*~on~, and disassembly, *k*~off~, from FRAP experiments, we used a simple two state model ([@B27]). Briefly, we assumed that the fluorescent actin reporters can be part of one of two pools, bound to the cortex at the wound edge (*A*~B~) or unbound from it (*A*~U~). Both *k*~on~ and *k*~off~ represent the rate constants of the transitions between bound and unbound states:

The change in concentration of the bound pool of actin, can be expressed as

where *B* and *U* are the concentration of *A*~B~ and *A*~U~, respectively. Assuming equilibrium at short time scales, and that on photobleaching, *B* = 0, fluorescence in the photobleached region can be defined as

where *B*(*t*) is the concentration of *A*~B~ in the photobleached region at time *t*. If the total concentration of fluorescent actin in the cell did not change over the course of a FRAP experiment:

Solving [Eq. 5](#m5){ref-type="disp-formula"}:

where *f~max~* is the mobile fraction, and *τ* is a characteristic time scale:

We fitted the FRAP data using [Eq. 7](#m8){ref-type="disp-formula"}, and we quantified *k*~on~ and *k*~off~ as

Image analysis
--------------

Changes in fluorescence at the wound edge after releasing tension were quantified over time as ([Figures 2](#F2){ref-type="fig"}C and [3](#F3){ref-type="fig"}C and Supplemental Figure S3C):

where *t* represents the time after tension release, *t =* before indicates the time before releasing tension, and *I* indicates the mean pixel value within a 3 × 10 pixel region of interest on the wound edge, adjacent or far from the site of tension release, or randomly selected in sham-irradiated controls. Mean pixel values were background-subtracted and corrected for photobleaching as above. In addition, we quantified the percentage of change in fluorescence 100 s after tension release ([Figures 2](#F2){ref-type="fig"}C' and 3C' and Supplemental Figure S3C'):

To show that *zip* dsRNA reduces myosin levels (Supplemental Figure S5, A and B), we quantified myosin:GFP fluorescence in epidermal cables. The cables were traced using the LiveWire method, a semiautomated algorithm based on Dijkstra's optimal path search ([@B11]) that identifies the brightest pixels between two manually selected points ([@B13]). Four epidermal cables formed by at least six cell--cell interfaces were traced per embryo, within a single denticle belt, and the mean intensity of all four cables was averaged to obtain a single intensity value per embryo. The LiveWire algorithm was also used to trace the wound edge and quantify defects in wound closure (Supplemental Figures S5, D and E, S6B, and S9B).

Statistical analysis
--------------------

We compared sample means using a nonparametric Mann--Whitney test. To compare more than two groups, we used a Kruskal--Wallis test to reject the null hypothesis and Dunn's test for pairwise comparison. To compare paired samples (e.g., before and after injection), we used Wilcoxon signed-rank test. For time series, error bars indicate SEM. For box plots, error bars show the SD, the box indicates the SEM, and gray lines denote the mean.
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ABD

:   actin-binding domain

DMSO

:   dimethyl sulfoxide

dsRNA

:   double-stranded RNA

FRAP

:   fluorescence recovery after photobleaching

GFP

:   green fluorescent protein

Jasp

:   jasplakinolide

LatA

:   latrunculin A

*t*~1/2~

:   half time of fluorescence recovery after photobleaching

*zip*

:   *zipper*.
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